High performance Pt counter electrode is prepared by using vacuum thermal decomposition at a relatively low (120°C) 
Since the first prototype of a dye-sensitized solar cell (DSSC) was reported in 1991 by O'Regan and Grätzel, DSSCs have been aroused widely attention and research due to their low cost and simple preparation procedure. A DSSC with a photoelectric conversion efficiency of 12% have been achieved [1, 2] . In general, a DSSC consists of a dyesensitized porous nanocrystalline TiO 2 film electrode, a redox electrolyte, and a platinized counter electrode. Standard DSSCs, in which the porous titania films are mounted on rigid conductive glass substrates, suffer from a number of limitations. Flexible substrates, such as metal foils and polymer substrates, have attracted interest by overcoming these issues as they tend to be lighter, are impact-proof, and are made at a lower cost [3] [4] [5] [6] [7] . Flexible DSSCs can also be constructed using large-scale continuous production and rapid coating methods, which would further decrease the cost of DSSCs. The function of the counter electrode is to transfer electrons arriving from the external circuit back to the redox electrolyte and to catalyze the reduction of the triiodide ion [8] [9] [10] . Therefore, it is important to develop a simple and suitable method to produce a counter electrode on a flexible substrate which also exhibits good chemical stability and high electrocatalytic activity for the I 3  /I  redox process. Pt counter electrodes on flexible substrates have been prepared by sputtering, electrochemical deposition or chemical reduction. Ikegami et al. deposited a Pt/Ti bilayer on a polyethylene naphthalate substrate coated with indiumdoped tin oxide (ITO/PEN) using vacuum sputtering and the fully plastic DSSC had a conversion efficiency of 4.31% [11] . Grätzel electrodeposited Pt catalyst onto ITO/ PEN to make a flexible DSSC with a conversion efficiency of 7.2% [12] . Kang et al. [13] , Park et al. [14] , and Chen et al. [15] used chemical reduction to prepare Pt counter electrodes. They spread an isopropanol solution of H 2 PtCl 6 ·6H 2 O on a conductive plastic substrate followed by reduction with NaBH 4 . Sun et al. [16] also fabricated a Pt counter electrode using ethylene glycol reduction of H 2 PtCl 6 ·6H 2 O at 180°C.
Thermal decomposition of isopropanol solutions of H 2 PtCl 6 has been widely used to prepare high performance Pt counter electrodes because it gives a stable product with higher exchange current densities for the I 3


/I
 couple [17] .
However, this process requires a heat treatment at 400°C that most plastic substrates cannot bear. In this paper, to exploit the superiority of platinum, we report a facile vacuum thermal decomposition method at a low temperature to prepare the high performance platinum counter electrode on the flexible ITO/PEN substrate, which has good light transmittance for the TiO 2 /Ti photoanode. ) was purchased from PECCELL Technologies Inc., Yokohama, Japan. The 0.03 mm Ti foil was purchased from Baoji Yunjie Metal Production Co., Ltd., Baoji, China. The N719 dye [cis-di(thiocyanato)-N,N'-bis-(2,2'-bipyridyl-4-carboxylic acid-4-tetrabutylammonium carboxylate) ruthenium (II)] was purchased from Solaronix SA, Switzerland. All agents were used without further purification.
Preparation of flexible Pt counter electrodes
The ITO/PEN substrate was submerged in a 50% aqueous ethanol solution for one day without ultrasonication, before being cleaned several times with absolute ethanol. It is important that the ITO/PEN substrate is not cleaned with strong acid or base, as this damages the substrate [18] .
A typical Pt counter electrode was prepared by the following steps. H 2 PtCl 6 ·6H 2 O was dissolved in a 1 : 1 mixture of isopropanol and n-butanol at concentrations of 0%, 0.25 wt%, 0.50 wt% and 0.75 wt% [17] . The appropriate H 2 PtCl 6 ·6H 2 O solution was stirred for 6 h at room temperature and then sprayed onto the ITO/PEN substrate to give an electrode with an active area of 1.0 cm×0.6 cm. After blow-drying at room temperature, the substrates were heated at different temperatures and different times in a vacuum oven (Suzhou Jiangdong Precision Instrument Co., Ltd., Suzhou, China), to form the Pt counter electrodes. A commercial flexible counter electrode Pt/Ti was purchased from PECCELL Technologies Inc. for comparison.
Fabrication of flexible TiO 2 film electrodes
The Ti foil was used as a substrate for the nanocrystalline TiO 2 film to fabricate the flexible DSSC. Before use, it was washed with mild detergent and rinsed in distilled water, then immersed in saturated oxalic acid solution for 10 min before being rinsed with distilled water.
The TiO 2 colloid was prepared as follows. Tetrabutyl titanate (10 mL) was rapidly added to distilled water (150 mL), with a white precipitate forming immediately. The precipitate was filtered using a glass frit and washed three times with distilled water. The filter cake was added to dilute nitric acid (0.1 M, 1 M=1 mol L 1 , 120 mL) with vigorous stirring at 80°C until the slurry became a translucent blue-white liquid. The resultant colloidal suspension was autoclaved at 200°C for 12 h to form a milky white slurry. This was then concentrated to one-quarter of its original volume, and PEG-20000 (10 wt% slurry) and a few drops of emulsification regent (Triton X-100) were added to form the final TiO 2 colloid. The TiO 2 colloid was coated onto the Ti foil using a doctor-scraping technique. The thickness of the TiO 2 film was controlled by the thickness of the adhesive tape around the edge of the cleaned Ti foil [19] [20] [21] . After drying at room temperature, the TiO 2 thin films were sintered at 450°C for 30 min in air to give nanocrystalline TiO 2 films. The TiO 2 electrodes were cooled to 80°C and immersed in a 0.05 M TiCl 4 solution for 6 h, before being washed three times with distilled water. The treated TiO 2 films were again sintered at 400°C for 20 min. On cooling to 80°C, the flexible TiO 2 films were immersed in a 2.5×10 4 M solution of dye N719 in absolute ethanol solution for 24 h to adequately absorb the dye to finally give the flexible dye-sensitized TiO 2 film electrodes. Figure 1 shows a flexible DSSC. The flexible DSSC was assembled by injecting the redox electrolyte into the gap between the TiO 2 film electrode (anode electrode) and a Pt counter electrode. The two electrodes were clipped together and a cyanoacrylate adhesive was used to prevent the electrolyte solution from leaking. Epoxy resin was used to further sealing the cell to ensure the stability of the cell. The injected redox electrolyte consisted of 0.60 M tetrabutyl 
Assembly of flexible DSSCs
Characterization
The surface features and elemental composition of the flexible Pt counter electrode were observed using a scanning electron microscope (SEM, Hitachi S-4800, Japan) and an energy-dispersive X-ray spectrometer (EDS) attached to the SEM. The cyclic voltammetry (CV) was measured in a three electrode electrochemical cell with an Electrochemical Workstation (CHI660C, Shanghai Chenhua Device Company, Shanghai, China) using the Pt counter electrode as the working electrode, a Pt-foil as the counter electrode, and Ag/AgCl as the reference electrode in an acetonitrile solution of 10 mM LiI, 1.0 mM I 2 and 0.10 M LiClO 4 . CV tests were performed at scan rates of 20-200 mV s 1 .
Photoelectrochemical measurements
The photovoltaic performance test of the flexible DSSC measured the J-V character curves using the CHI660C workstation under irradiation with simulated solar light from a 500 W xenon arc lamp (XQ-500W, Shanghai Photoelectricity Device Company, Shanghai, China) in ambient atmosphere. The incident light intensity was 100 mW cm The photoelectronic performances (i.e., fill factor (FF) and overall energy conversion efficiency ()) were calculated by the following equations [22] :
where J SC is the short-circuit current density (mA cm 2 ), V OC is the open-circuit voltage (V), P in is the incident light power, and J max (mA cm 2 ) and V max (V) are the current density and voltage in the J-V curves, respectively, at the point of maximum power output. Although all three reactions are reversible, they produce gaseous products, and the vacuum drives the reaction forward with their removal. According to the EDS spectrum ( Figure 2(c) ), which shows that the Pt counter electrode consists of Pt, In and O, the H 2 PtCl 6 has completely decomposed at the low temperature in the vacuum oven. densities scarcely change with successive scans. The redox peak currents show a good linear relationship with cycle times (Figure 4(b) ), which indicates that the Pt film has good chemical stability. Figure 4 (c) shows 200 successive CV cycles of the fabricated Pt counter electrode. On consecutive scans, the peak positions and current densities hardly change indicating the Pt particles were tightly bound to the ITO/PEN surface [25] . Figure 5(a) shows CVs of the I 3  /I  system with the fabricated Pt counter electrode at various scan rates. As expected the peak current densities change with different scan rates. The reduction peaks shift linearly to the negative and the corresponding oxidation peaks shift to the positive with increasing scan rates. Figure 5 (b) illustrates a relationship between both the oxidation and reduction peak currents and the square root of the scan rate. The clear linear relationship at different scan rates indicates that the oxidation and reduction reaction are diffusion limited by the transport of iodide species away from the Pt counter electrode surface. This phenomenon suggests there is no specific interaction between the I 3  /I  redox couple and the Pt counter electrode as is desired, and is similar to that of the commercial Pt/Ti electrode. It shows that any adsorption of the iodide species on the Pt counter electrode has little effect on the redox reaction [26, 27] .
Results and discussion
Morphology and compositions of the Pt counter electrode
Electrochemical properties of the Pt counter electrode
Influence of the H 2 PtCl 6 ·6H 2 O content to form the Pt counter electrodes on the photoelectric properties
The photovoltaic performances of the flexible DSSCs fabricated with different H 2 PtCl 6 ·6H 2 O contents are summarized in Table 1 . It shows that the Pt counter electrode fabricated with no H 2 PtCl 6 ·6H 2 O has little current density, fill factor and energy conversion efficiency, which is expected because the ITO/PEN cannot catalyze the redox couple regeneration of the triiodide ion. The remaining DSSCs have the same V OC of 0.74 V. The V OC is determined by the energy level difference between the Fermi level of the electron in TiO 2 and the redox potential of the electrolyte [1, 2] , and because these flexible DSSCs have the same compositions, their V OC values are similar. However, the J SC value first increases and then decreases with increasing H 2 PtCl 6 ·6H 2 O content, which is attributed to the counteracting electrocatalytic activity and light transmittance of the Pt counter electrode. As the H 2 PtCl 6 ·6H 2 O content increases, the electrocatalytic activity of the Pt counter electrode is enhanced; however, light transmittance is reduced, which results in a decrease in incident light harvest and photocurrent.
Influence of the heating treatment temperature and time to form the Pt counter electrodes on the photovoltaic properties of the flexible DSSCs
The photovoltaic performances of the flexible DSSCs fabricated with different heat treatments were measured and summarized in Table 2 . It shows the J SC and  values first [26, 29] . Therefore, the flexible DSSC with the fabricated Pt counter electrode has excellent photoelectric performance and stability. Figure 6(a)′ shows the dark current-voltage curve. It is obvious that the dark current for this cell is higher than that of the previously prepared DSSCs [4, 6] , which is due to no reaction between Ti foil and I 2 . Therefore, improvements in the energy conversion efficiency for this cell could be ascribed to the inhibition of the reaction between the Ti substrate and I 2 .
Conclusion
A Pt film was deposited on a flexible ITO/PEN substrate to 
